Background: Hydrotherapy appears as a valuable therapeutic tool in the management of patients suffering from chronic skin inflammatory diseases. Nevertheless, the underlying immune mechanisms of these beneficial effects remain poorly understood. To better understand the biological effects of thermal spring water on the immune system, we investigated the effects of Avène thermal spring water (ASW) on dendritic cells as key cells participating in the control of the immune response. Methods: Dendritic cells (DCs) were generated from human monocytes and matured with LPS in ASW-based culture medium or in dexamethasone supplemented culture medium as an anti-inflammatory treatment. The phenotypes and abilities of these DCs to produce cytokines and induce allogeneic T cell response was next assessed. Results: We showed that ASW modulated the differentiation of monocytes into DCs and impacted the DC maturation upon LPS priming. We observed a reduction of the CD83, CD86, CD1a and HLA-DR molecule expression and a decrease of IL-12 and IL-23 production whereas IL-10 production was increased. LPS-primed DCs generated in presence of ASW exhibited a reduced capacity to induce naive CD4 + T cell proliferation and IFN-γ and IL-17 production.
Introduction
Skin constitutes the first barrier and line of defense against pathogens and noxious substances. It is an immunologically active tissue with several resident immune cells and an important pool of recirculating lymphocytes. Due to its strategic location, skin is continuously exposed to a multitude of pathogens but also physical and chemical aggressions, which can lead to different types of inflammatory diseases. Spa therapy is widely used to treat inflammatory skin diseases, such as atopic dermatitis, psoriasis, rosacea, seborrheic dermatitis and others. 1 The mechanisms underlying spa therapy are ill-understood and might incorporate chemical, thermal and immunomodulatory effects. [2] [3] [4] Several studies showed that thermal spring waters decrease the pro-inflammatory abilities of keratinocytes. [5] [6] [7] Avène thermal spring water (ASW) is commonly used in France to treat atopic dermatitis and psoriasis. Previous studies reported that ASW is endowed with an anti-inflammatory potential. [7] [8] [9] Because dendritic cells (DCs) are key players in the control of the immune response, we investigated in this study the effects of ASW on human DCs.
DCs are highly specialized antigen presenting cells (APCs), which are crucial for the induction and the control of immune responses. 10, 11 In steady state, DCs are sentinel cells equipped with a huge panel of pattern recognition receptors (PRRs) allowing them to detect virtually all pathogens or tissue damages. They are in an immature state, prone to antigen capture and with tolerance-inducing functionality. Upon PRR stimulation, DCs differentiate in a fully mature state, allowing them to migrate in secondary lymphoid organs and initiate adaptive responses. DCs activate antigen-specific CD4 + T cells by providing three main signals. 12 During the maturation process, DCs upregulate cell surface expression of antigen presenting molecules such as MHC-class II and CD1a molecules (signal 1) as well as T cell costimulatory molecules such as CD80 and CD86 (signal 2). 13 Depending on the environmental cues detected and the PRR engaged, DCs drive T helper cell differentiation by producing cytokines (signal 3). 14 Several groups of DCs reside in the skin in steady state; 15, 16 they control skin homeostasis and start immune responses. 17 Moreover, upon inflammation, skin is infiltrated by myeloid DCs that are often referred to as inflammatory DCs. 15, 16, 18 In chronic pathologies such as auto-immune diseases or allergy, these cells sustain a continuous activation of the adaptive immune system at sites of inflammation. 19, 20 Depending on the tissue microenvironment, Inflammatory DCs termed TipDCs (TNF-α/iNOS-producing DC) have been described in psoriasis 21, 22 or after bacterial infection. 23 Inflammatory dendritic epidermal cells (IDECs) were described in atopic dermatitis. 24 Inflammatory DCs are assumed to be monocyte derived, but their development is poorly known.
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DC maturation represents a key event in the immune response and is tightly controlled. Immature DCs are weak stimulators of T cell responses and are viewed as tolerogenic to ensure the maintenance of immune homeostasis. Tolerogenic DCs express low levels of costimulatory molecules and produce notably the immunomodulatory cytokine IL-10. 25 Several clinical attempts were made to harness DC maturation in order to dampen the immune response in autoimmunity, graft rejection or chronic inflammatory diseases. 17 A wide array of mediators such as IL-10, dexamethasone, vitamin D3 or rapamycin were used to induce a tolerogenic phenotype in DCs. 26, 27 In this study, we investigated the effects of ASW on DC maturation and functions. We used the classical model of DC derived from human monocytes in ASW-supplemented medium or in distilled water with or without dexamethasone-supplemented media as controls.
Materials and methods

Spring water collection and processing
ASW was collected in 2018 from the Avène thermal center (Laboratoire de l'Eau, Avène, France) using an aseptic procedure. Briefly, a single operator wearing sterile nitrile surgical gloves collected 2,000 mL water with a sterile 50 mL syringe. The water was filtered through 0.20-µm pore cellulose nitrate membranes and stored at 4°C. All experiments were performed within 3 months of water filtration and storage. The hydrochemical analysis of ASW is provided in Table S1 .
Media
RPMI-1640 powder (R6504 Sigma) supplemented with 2.0 g sodium bicarbonate NaHCO 3 was reconstituted with Avène spring water or UltraPure™ DNase/RNaseFree Distilled Water (Invitrogen). Basal media were next supplemented with 10% FCS, 1% penicillin (10,000 U/ mL) and streptomycin (10 mg/mL), Sodium pyruvate (1 mmol/L), HEPES (N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid, 10 mmol/L) all from GIBCO, the pH of the media was adjusted to 7.0 and the media were next sterilized immediately by filtration using a 0.22µm pore size unit. ASW-based complete RPMI medium was termed R10 ASW , Ultrapure distilled water-based complete RPMI medium was termed R10 CTW and R10 CTW supplemented with 10 -7 mol/L dexamethasone (Sigma Aldrich) was termed R10 DEX. Cytokine quantitation 
Cell purification
Statistical analysis
GraphPad Prism software (version 6; GraphPad Software, La Jolla, CA) was used. Means were compared between groups 
Results
ASW impairs MoDC differentiation and maturation
To analyze the impact of ASW on DC functions, we generated monocyte-derived dendritic cells in ASW-based RPMI basal culture medium ( Figure 1A ). We first analyzed the effects of ASW on DC differentiation and maturation. CD14 + cells were differentiated into DCs with IL-4 and GM-CSF for five days in ASW-based or control water (CTW)-based medium or CTW-based medium plus dexamethasone (inhibits DC differentiation and maturation). Loosely adherent cells were next harvested and DC differentiation was assessed by analyzing the expression of CD11c by flow cytometry. More than 95% of the cells expressed CD11c in the three culture conditions tested ( Figure 1A ). We next evaluated whether ASW impacted the yield of iDC generated and we observed that the number of iDCs collected was similar in the ASW and CTW conditions while dexamethasone significantly decreased the number of iDCs obtained ( Figure 1B ). ASW is poorly mineralized and does not contains minerals expected to have an impact on cell viability (Table S1 ). Likewise, ASW-based medium did not present any cytotoxicity for DCs as measured with the viability dye by flow cytometry ( Figure 1B ). iDC were next treated with LPS for 48h and tested for the expression of CD83, CD86, CD1a, HLA-DR and CD14. During the differentiation into DCs, monocytes are expected to lose CD14 and gain CD1a expression. CD1a expression was significantly lower in DC matured with ASW (DC ASW ) as compared to DC matured with CTW (DC CTW ) ( Figure 1B Figure 1C) . Accordingly, the expression of CD86 (gMFI fold increase over isotype control) was lower in DC ASW compared to DC CTW ( Figure 1D ). The three sets of DCs expressed HLA-DR on their surface and we observed a slight reduction of HLA-DR expression in DC ASW compared to DC CTW ( Figure 1E ). Because several Gram-positive bacteria are known to invade the skin, we also analyzed whether ASW impairs DC maturation induced by Gram-positive PAMPs such as peptidoglycan (PGN) and lipoteichoic acid (LTA). Following maturation with LTA or PGN, DC ASW exhibited a reduced expression of CD1a compared to DC CTW (Figure 2) .
Taken together, these results show that ASW reduces the expression of differentiation and maturation markers on the DC surface upon priming with LPS, PGN or LTA.
DCs generated in ASW-based medium harbor a diminished ability to prime naive CD4 + T cells regardless of the T cell:DC ratio. As expected, control DC DEX barely induced CD4 + T cell proliferation ( Figure 3 ).
ASW decreases the amount of IL-12 and IL-23 and augments the amount of IL-10 produced by DCs upon LPS-induced maturation
Upon maturation, DCs produce a panel of cytokines that participate to inflammation and orient T helper cell responses. 12 We first analyzed the impact of ASW on cytokine production by DCs upon maturation induced by LPS. DCs cultured either with ASW-Based or CTW-based culture media were tested for IL-12p70, IL-23, IL-6, IL-10 and TNF production by the collection of cell-free culture supernatant 48 hrs after LPS stimulation. As shown in Figure 4 , DC ASW produced smaller amounts of IL-12p70 and IL-23 but higher amount of IL-10 as compared to DC CTW . By contrast, TNF production was not affected and IL-6 production was barely impacted by ASW.
CD4 + T cells differentiated with DC ASW show a reduced production of IFN-γ and IL-17
We next investigated the abilities of DC ASW , DC CTW Figure 5D ).
Discussion
In this study, we analyzed the effects of ASW on DC differentiation, maturation and functions. We show that ASW dampens DC differentiation and maturation and decreases their ability to elicit inflammatory T helper cell responses in MLR. ASW is poorly mineralized (266 mg/L) and characterized by a significant amount of silicates, a low sodium concentration, a calcium/magnesium ratio of 1:2, and a high diversity of trace elements (Table S1) . 28 Moreover, ASW contains organic compounds derived from microorganisms such as Aquaphilus dolomiae. [28] [29] [30] Prolonged exposure to spring water during spa is expected to allow these compounds to permeate into the skin. We sought to analyze the impact of ASW on the immune response. Because DCs are crucial for the induction and the control of immune responses, we investigated the effect of thermal spring water on DC differentiation, maturation and functions.
To assess the impact of ASW on DCs, we generated monocyte-derived DCs, the gold standard in vitro model for DCs. Monocytes cultured for 5 days in presence of GM-CSF and IL-4 31 resemble immature myeloid dendritic cells. 32 These iDC matured with LPS or inflammatory cytokines are close to in vivo inflammatory DCs. 15, [33] [34] [35] Since monocytes that infiltrate inflamed tissues are expected to differentiate and maturate in a continuous process, we analyzed the effects of ASW on both steps of differentiation and LPS-induced maturation ( Figure 1A) , by including this water in the composition of the culture medium. Ultra-pure commercial distilled water, with or without dexamethasone, were used as experimental controls. When monocytes are differentiated into iDCs, they are expected to upregulate MHC class II molecules and CD1a at the same time, while losing CD14 molecules expression. 32 Upon maturation with LPS, iDCs upregulate costimulation molecules such as CD80 and CD86. 32 We observed that ASW induced significant changes in the phenotype of LPS-matured DCs. CD1a expression was highly variable among individuals ( Figure 1B) as previously reported by Cernadas et al. 36 Nevertheless, by testing DCs generated from a large number of donors (n=27), we clearly showed that CD1a expression was strongly reduced by ASW. The main role of CD1a is to present lipid or glycolipid antigens to T cells, but it also appears as a marker of monocyte to DC differentiation because it is principally induced during the differentiation step. 37 exhibited a more differentiated phenotype than their CD1a − counterparts. 38 In agreement with these reports, our results
show that a reduced expression of CD1a in DC ASW is associated with a lower production of IL-12 and a reduced ability to generate Th1 cells. In light of these results, ASW dampens DC differentiation and limits their capacity to induce inflammatory T cell responses. In addition to LPS, we also tested PAMPs from Gram positive bacteria, to mature DCs in parallel experiments. We observed that ASW decreased the CD1a expression in DCs matured in presence of LTA or PGN. These results indicate that ASW seems to decrease DC maturation regardless of the priming stimulus. Besides CD1a, ASW reduced the expression of the DC maturation markers CD86, CD83 and HLA-DR upon LPS stimulation. CD83 is mainly known as a marker of mature DC 39 while CD86 and HLA-DR are key molecules for CD4 + T cell activation. Again, we observed a large variability of responses among the donors and a significant reduction of the maturation of DC ASW compared to the negative control DC CTW . Nevertheless, ASW inhibitory effect on DC maturation was not as effective as the dexamethasone-treatment excepted for HLA-DR expression. We observed that dexamethasone did not impact HLA-DR expression in agreement with previous reports. 40, 41 In order to determine whether ASW was able to impair the main function of DCs (i.e to induce naive T cell activation) we tested the stimulatory capacity of DC ASW in MLR. We observed that ASW reduced the ability of the DCs to induce allogeneic naive CD4 + T cell proliferation.
Naive CD4 + T cells are indeed tightly dependent on the costimulatory signals to be activated and we can speculate that the semi immature phenotype of DCs induced by ASW is responsible for their reduced ability to drive naive CD4 + T cell proliferation. During cognate interaction with CD4 + T cells, DCs produce cytokines such as IL-12, IL-23, IL-10 or IL-6 that drive T helper cell differentiation. 12 Hence, we evaluated the effects of ASW on cytokine production by DCs after the maturation step. We observed that DCs generated from some donors were not able to produce IL-12 nor IL-23 in response to LPS. Concerning DCs that are able to produce IL-12 or IL-23 in response to LPS, we observed a strong reduction of IL-12 production and a slight decrease of IL-23 production in DC ASW . Because IL-12 and IL-23 drive Th1 and Th17 cell Moreover, we showed that ASW did not impact TNF production and slightly reduced IL-6 production by DCs upon LPS-induced maturation. Interestingly, DC ASW exhibited an increased production of IL-10 as compared to DC CTW . As expected, the IL-10 production was the highest with dexamethasone treatment. 40 IL-10 is an inhibitory cytokine, that can be produced by virtually all the leukocytes. The main role of IL-10 is to limit the extent of the immune response, in order to protect the host against excessive immune reaction associated with infection, autoimmunity, and allergy.
Conclusion
Collectively, these results indicate that ASW fine tunes DC maturation by decreasing their ability to produce some cytokines such as IL-12, IL-23 and to a lesser extent IL-6, by fostering IL-10 production without impacting TNF production. This ASW-induced DC phenotype and functions, indicate that ASW favors the generation of immunomodulatory DCs, which might explain the beneficial effects of ASW-based hydrotherapy in the treatment of inflammatory skin diseases. It is tempting to speculate that ASW properties might rely on microbial molecules from endemic bacteria found in this thermal water, such as Aquaphilus dolomiae that was shown to promote IL-10 production and reduce CD4 + T cell activation by DCs. 30 
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Abbreviation list
ASW, Avène thermal spring water; CTV, Celltrace violet; DC, dendritic cell; DEX, dexamethasone; iDC, immature dendritic cell; MLR, mixed lymphocyte reaction; MoDC, monocytederived dendritic cell; PAMP, pathogen-associated molecular pattern, PBMC, peripheral blood mononuclear cell. 
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